An energy audit is a useful tool that sets out possibilities for improvement, optimization and energy saving. For the study of the thermal envelope, it is useful to use energy simulation tools that use suitably validated reference climates and simulation procedures. The results of the Unified Lider Calener Tool (HULC), and its subsequent processing of results, allow intervention priorities to be established aimed at aiding the energy manager of the building when proposing energy reform measures involving a degree of economic savings, so that the proposed investments allow a reasonable payback period. A teaching center has been chosen as a case study because presenting a tool that allows to save on energy consumption and quantify the payback terms of the investments is relevant. This paper quantifies the payback periods of the investments to be made to improve the thermal envelope of the building. To this end, the case study building was modeled and an economic analysis was carried out, which led to the conclusion that the most beneficial action is the replacement of the windows. Keywords: energy audit, refurbishment, energy optimization, window aperture, thermal envelope.
Introduction
Since the oil crisis of the 1970s, which gave rise to the appearance of the NBE CT-79 regulation on thermal conditions in buildings (de Gobierno, 1979) , the evolution of technical energy legislation has been aimed at reducing energy consumption by reducing energy demand, an improvement in the efficiency of the facilities and the introduction of renewable energy sources.
To solve the various issues regarding climate change and energy depletion, many countries are striving to reduce their building energy consumption, which accounts for 40% of the total energy used worldwide (Kang, 2018) . Some statistics provided by the United Nations Environment Programme show that over their life cycle, buildings demand about 40% of total global energy use, 60% of global electricity, 25% of global water, 40% of all resources, and release about 1/3 of global greenhouse gases (Giannetti, 2018 ).
Reducing energy waste and greenhouse gas emissions is an enormous challenge for the building sector, especially when considering the unsatisfactory results that have been achieved one year after the Paris Agreement (Naspi, 2018) . The 2015 Paris agreement on climate change set goals and limits with the aim of reducing a further increase in global air temperatures. According to European Directives, lowering the environmental impact of buildings and improving their energy efficiency are key elements in achieving these objectives (Pajek, 2018 ).
The energy performance of buildings needs to be improved through measures that take into account climatic and local conditions as well as environmental characteristics (Evangelisti, 2018) . Energy audits promote an improvement in energy efficiency and foster energy savings, as well as reducing greenhouse gas emissions.
The objective is the application of an energy audit on the thermal envelope of a tertiary building used for teaching in Madrid, whose analysis of energy use facilitates decision making on the reasonable investments that can be undertaken to reduce the energy bill of the building.
Although the number of studies into thermal comfort in school buildings are not comparable to those carried out in offices, a recent article (Zomorodian, 2016) reveals that 48 papers on the subject were published from 1969 to 2015 (Ricciardi, 2018) .
Observational studies into the indoor climate of school classrooms have usually been justified by highlighting the adverse effects of unfavourable conditions such as warm temperatures and poor ventilation on students' comfort and academic performance (Kim, 2018) .
To determine the losses and gains that occur through the thermal envelope, the Unified Lider Calener Tool "HULC" (Ministerio de Industria, Energía y Turismo, 2017), is used as a simulation program, proposing a methodology for selecting the element of the envelope which will bring about the best results from the point of view of improving energy saving.
Once the element of the envelope to be looked into is defined and the priorities for action are selected, studies into the economic investments to be made and the paybacks that are obtained from the different proposals are put forward. It then becomes possible to obtain a clear vision of the return on the different investments made.
The use of energy simulation tools and the proposed analysis methodology facilitates decision making when considering actions for the optimization and improvement of the thermal envelope, as proposed by the different methodologies that are gathered together in the respective energy audits. To select the appropriate energy analysis method, the auditor should consider several factors including speed, cost, versatility, reproducibility, sensitivity, accuracy and ease of use (Sonderegger, 1985) . The most important characteristic of the simulation programs is its ability to take several parameters into account that are crucial for accurate energy use (Krarti, 2016) . In the last decades, the modelling of the energy required by a building has gained an important place in the analysis of the buildings sector (Rojo, 2018) .
Description of the problem
The 44% of schools in Madrid were built before the first regulation about the thermal conditions in buildings in 1979. Another 48% of schools have been built before the current regulations that limit the energy consumption in the buildings of 2006. Only the 8% of the schools are adapted to the current regulations whose criteria are being tightened.
This situation means that in order to maintain an adequate thermal comfort in schools, it is necessary to expend a high economic cost and a significant amount of greenhouse gases are emitted into the atmosphere, which contributes to the climate change that is intended to be mitigated. This research pretends to provide a tool to the managers of buildings that allow them to make an appropriate decision when facing the energy rehabilitation of the thermal envelope. The costs of this intervention are very high and the results obtained are different depending on the part of the envelope that is involved.
State of the art
The 2002/91/EC European Directive into the energy efficiency of buildings (European Parliament, 2002) does not mention energy audits.
The 2006/32/EC European Directive into the efficiency of the final use of energy and energy services (European Parliament, 2006) , in point 18 of the explanatory memorandum states that "In order to achieve the potential for energy savings in certain market segments in which energy audits are generally not sold commercially, such as households, Member States should ensure the availability of energy audits". In its article, energy audits are directly addressed unlike in previous ones.
The 2010/31/EU European Directive into the energy efficiency of buildings (European Parliament, 2010 ) only mentions energy audits as information that can be provided to the owner of a property to which an energy efficiency certificate has been made, considered as "another related issue".
The 2012/27/EU European Directive into energy efficiency (European Parliament, 2012) , in point 24 of the explanatory memorandum, states that: "Energy audits have to be obligatory and periodic for large companies, since the energy savings obtained can be significant". In its article, it directly addresses energy audits as its own content. It sets out the obligation to subject non-SME companies to an energy audit no later than December 5, 2015, and at least every four years.
The ISO (2014) 50002 standard "Energy audits --Requirements with guidance for use" specifies the process requirements for carrying out an energy audit in relation to energy performance.
The RD 56/2016 Royal Decree, which supersedes the 2012/27/EU European Directive, indicates, among other aspects, that energy audits should reflect the detailed calculations and proposed measures, providing clear information on the potential savings.
The 2018/844/EU European Directive (European Parliament, 2018) , in point 33 of the explanatory memorandum, states that: "To ensure that financial measures related to energy efficiency are applied in the best way in building renovation, they should be linked to the quality of the renovation works in light of the targeted or achieved energy savings. Those measures should therefore be linked to … an energy audit."
The energy audit may become a fundamental tool when proposing energy intervention measures in a building which may lead to certain savings in energy consumption and, therefore, reduce CO2 emissions into the atmosphere. An energy audit attempts to allocate a value at each energy point over a given period (Moss, 2006) .
The new regulatory requirements determined by Europe make it necessary to follow approaches aimed at minimizing non-renewable primary energy, as determined in the Basic Document on Energy Saving, hereinafter DB HE of 2013 (Orden FOM/1635 /2013 .
Windows are an influential component of the building when determining the level of energy consumption (Larrumbide, 2015 a; Omrany, 2016) , which is why when proposing measures for improving the buildings, a special study must be carried out for proposing energy-saving measures in any building. Windows are responsible for wasting a significant percentage of total building energy loss of approximately 20-40% (Lee, 2013) .
Energy measures should always be considered from the perspective of avoiding the later appearance of a pathology that could jeopardise the functioning of the elements of the thermal envelope due to the presence, for example, of both surface and interstitial condensations (Larrumbide, 2015 b) .
The Unified Tool Lider Calener (HULC) published by the Ministry of Development and the Ministry of Industry, Energy and Tourism, is a free energy distribution simulation program, which allows compliance with the regulatory requirement, the study of the energy performance of buildings and the issuing of energy certifications.
Methodology
The study is based on an existing building constructed in Madrid between 1968 and 1970, for educational use, which has not been subject to energy improvement measures.
The methodological sequence proposed for the energy audit is as follows: The technical information of the building has been obtained 'in situ', through visual inspection and documentary review, which has been provided by the educational institution's management.
Once the technical information of the proposed building has been compiled, the geometry of the building is introduced into the simulation program used to verify the current regulatory requirement of the 2013 Technical Building Code.
Said program has been used to know the energy demand presented by each part of the thermal envelope of the building separately, both in the current state and with the modifications studied. All energy analyzes have been done with Hulc. The economic analyzes have been made using an Excel sheet.
A view of the building is shown in the Figure 1 . A time profile of 8 hours with an average load has been established for the calculating conditions, as referenced in appendix A of the DB HE 1 Basic Document on Energy Saving. The scenario of occupation considered is from 7:00 am to 3:00 pm. The assigned temperatures considered are 20ºC for the winter and 25ºC for the summer. The months of June, July and August have been considered non-teaching.
The internal heat sources considered correspond to the heat gains due to occupancy, lighting and computer equipment. In addition, heat gains due to solar radiation have been taken into account.
The climatic zone where the building is located is D3 and the reference climates established by regulation are used for the simulation. The reference climate contemplates an average temperature of 4.9ºC in January and 24.5ºC in August. The annual heating degree days that have been considered are 2,693 and the annual cooling degree days are 491.
As a reference, the maximum and minimum hourly temperatures that occur during the year considered for the calculation, as well as the assigned temperatures established in accordance with the regulations in force, are detailed in Figure 2 . The results of the heating and cooling demand are obtained on a monthly basis, as can be seen in Figure 3 , which reflects the monthly heating and cooling demands for the selected building.
The possible actions that can be carried out on the thermal envelope to improve the thermal behaviour of the building may be the replacement of the existing glazed recesses, the provision of thermal insulation on the facade, on the roof, on the external slabs or in the envelopes in contact with the ground and an improvement in the thermal bridges. In the case analyzed herein, the associated effect of improvement in thermal bridges has not been considered in all of the proposed actions.
In order to have a better understanding of the energy performance of the building, it is necessary to quantify the thermal losses and gains that take place through the different elements that make up the thermal envelope, as indicated graphically in Figure 3 . In this sense, the simulation tool used (HULC) yields results of the net energy balance through elements which offer valuable information to guide the designer when proposing energy-reform actions.
The possible actions include those measures that affect the teaching activity least such as the replacement of windows and the provision of thermal insulation on the outside, both on the roof and facade.
Through the analysis of the thermal gains and losses that occur through the different elements of the thermal envelope, the most sensitive points of the envelope are determined to see where the greater energy losses occur and, therefore, may be improved through refurbishments. In the model used for the existing building, it can be seen how the greatest losses in heating take place through glazed recesses, although it is also this element that contributes the most to the contribution of energy capture through solar collection. The next element that could be improved is ventilation, followed by an improvement in the facade, thermal bridges, roof and floor.
Once the initial sequence of action has been selected, a comparison is proposed between the improvement in the glazed recesses, the insulation from the exterior and an improvement in insulation on the roof.
Once the refurbishments have been determined, simulations are again carried out to quantify the savings that can be obtained in each of the actions proposed. It is essential to detect the areas for improvement and evaluate their influence on the final energy consumption of the building (García, 2010) .
In order to calculate the savings obtained, the existing facilities of the building as well as current fuel prices are maintained. The analysis is limited exclusively to the elements of the thermal envelope.
Finally, the investments that are required for the different actions considered are established, setting out the payback periods for each proposal made, offering detailed financial information to the educational center that facilitates the decision making on reasonable investments.
As simplifications that have been made in the analysis, maintenance costs and replacement costs that entail the refurbishments considered have not been taken into account. 
Considered data
The building is perfectly aligned along the north-south axis. It faces all four points of the compass. , which represents a total of 9.87% of the thermal envelope. The opaque envelope accounts for 39.67% of the envelope, the roof of 25.35%, the external floor of 2.76% and the floor in contact with the ground 22.36% of the total.
The thermal transmittances of the elements of the envelope of the current state and successive refurbishments that have been proposed are shown in Table 1 . In which, R1: It is the refurbishment of the windows R2: It is the refurbishment consisting of the provision of thermal insulation on the outside of the facade. R3: It is the refurbishment consisting of the addition of thermal insulation on the roof.
A thermal transmittance of the frames for the new windows proposed has been selected as very low to avoid the risk of surface condensation.
The intervention prices that have been used for the planned refurbishments are those detailed in Table 2 , obtained from the construction price generator CYPE engineer of 2017. The costs of demolition or replacement, scaffolding and new construction solutions are included in these prices.
For the estimation of the final energy consumption for heating, the existence of a diesel boiler with a yield of 70% and an energy cost of 0.0848 € / kW has been considered.
Results and discussion
The results of the analysis of the existing building, according to the proposed methodology are shown below. They detail both the building without refurbishments or its current status, and after the window refurbishments, which is the action proposal with the best results.
Without refurbishments or current status
In Table 3 , we can see how the demand for heating in this case is 40.18 kW·h/m 2 ·year. As regards the window openings, it can be seen how the transmission losses through the windows are very high, reaching 29.02 kW·h/m 2 ·year. Profits per gap have been quantified as 23.32 kW·h/m 2 ·year. This indicates that there is a deficit in the annual energy balance for this constructive element, due to the high thermal transmittances of the aforementioned gaps. Another way of facilitating a decision on the weakest element of the thermal envelope is to observe Figure 4 , which shows that, once the percentage of gains and losses of heating through the elements of the envelope has been determined thermally, the most interesting refurbishment, from the energy point of view in the heating period would be to reduce heat transmission through the windows, which represents 34.7% of the energy losses of the whole building for the heating period. The next improvement to the envelope would be to refurbish the facade, which represents 15% of the losses, and finally the performance of the roof, which reaches 8.5%, would initially be the least interesting. In the same way, possible refurbishments for the cooling period may be analyzed.
Building with refurbishments to the window
In the building with refurbishments to the window, the results of the demand for heating and cooling for the different months of the year, together with the data on energy gains and losses, in kW·h/m 2 ·year, for the elements that make up the thermal envelope are detailed in Figure 5 . The calculations for this case are detailed in Table 4 . In summary, the savings and paybacks for the heating period that have been obtained in each of the proposed refurbishments are detailed in Table 5 . 
Conclusions
The energy audit analysis carried out on the thermal envelope in a teaching center located in Madrid, concludes that the best refurbishment that can be proposed is that with which the greatest energy savings are obtained and paid back in the shortest possible time. In this case, it is clear that the refurbishments to the facade and roof are not profitable due to the long payback period, both close to 100 years.
According to the initial thermal analysis, the most interesting operation was to refurbish the windows first, secondly the facades and finally the roof. Once introduced the economic study the sequence of proposed refurbishments would be to invest in the windows, followed by the facade.
For this type of building which is usually in use for around 8 hours and without teaching during June, July and August, it has about 1,728 hours of annual operation, so that the possibilities of saving energy are somewhat more limited than in buildings with the same characteristics with a greater number of hours of teaching use. On the other hand, the payback periods, which are so high for the facade and roof operations, are due to the fact that the levels of insulation found in the existing building are high, which is why it is not profitable for the centre to undertake the investment on these constituent elements of the thermal envelope.
When carrying out energy audits and estimating the possible optimization of energy demand through the thermal envelope and proposing certain energy savings to the energy manager of the building, it is useful to use an officially recognized energy analysis tool with which they can be used, for example, to calculate the annual energy balance on a complex element, such as gaps in windows, in which thermal losses and solar gains occur; or, although it has not been considered in the study, the evaluation of energy losses through thermal bridges. The use of other energy audit methodologies does not consider the effect of thermal bridges due to the difficulty in quantifying their contribution to the energy losses of the building complex.
This analysis methodology allows the most accurate information on the best energy reform refurbishments that can be presented in a unit to be obtained, in this case, a teacher, advising the center's management on the suitable investments that can be made.
The results obtained will allow monitoring or more detailed studies that are obtained to be compared with subsequent studies 'in situ' on the real invoices of final energy consumption.
The results obtained are valid for the use of the building and for the climate where the case study was carried out. So the conclusions obtained are not valid for other uses or for other climates. However, the described analysis methodology can be applied to buildings with other uses and in other climates and it permits obtain the corresponding results for each case.
